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Seizures in the Developing Brain: Minireview
Perhaps Not So Benign after All
operates without transmitter-gated inhibition. In con-
trast, presynaptic inhibition, mediated by adenosine,
GABAB, or other metabotropic receptors, is fully opera-
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form of inhibition in the neonatal circuit is the control ofHarvard Medical School
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Other factors contribute to the increased excitability²Laboratoire de Epilepsie et IscheÂ mie CeÂ reÂ brale
in the developing brain. For instance, a large input resis-Institut National de la SanteÂ de la Recherche Medicale
tance in developing neurons leads to the generationUnit 29
of major changes in membrane potentials in immature75014 Paris
dendrites. The prevalence of gap junctions during earlyFrance
development could potentiate the generation of syn-
chronized activity, amplifying small imbalances in neu-
ronal activity into the large-scale synchronization char-Seizures are one of the most common yet frightening
acteristic of seizures. In addition, a shorter period ofneurological conditions encountered in humans. While
postictal refractoriness in young animals leads to a quickseizures can occur at any age, affecting at least 2% of
progression through early stages of kindling and to athe population at one point or another, they are far more
rapid generalization of seizures. Thus, while the preco-common in children than adults. The highest incidence
cious development of excitatory networks before inhibi-of seizures occurs during the first year of life. While
tory systems may play an essential role in plasticity andsome infants with neonatal seizures fare well, in many
learning, this imbalance also appears to place the infant
cases the seizures are a sign of an ominous neurological
at high risk for seizures.
disorder. There are many unanswered questions regard-
How do seizures affect the developing brain? While
ing neonatal seizures. What are the features of the imma-
the immature brain is more susceptible to seizures than
ture brain that make it so prone to seizures? What are
the mature brain, there is now a considerable body of
the consequences of seizures during early brain devel-
evidence suggesting that the consequences of seizures
opment? Because of the ethical and logistical difficulties in the immature brain are considerably different from
in performing studies in ill newborns, much of our insight those occurring in adults. In the mature animal, status
into the pathophysiology and consequences of neonatal epilepticus causes neuronal loss in hippocampal fields
seizures have necessarily come from animal studies. CA1 and CA3 and the dentate hilus. This leads to aber-
Why is the immature brain prone to seizures? Results rant growth (sprouting) of granule cell axons in the su-
from animal studies are consistent with the clinical ob- pragranular zone of the fascia dentata and stratum in-
servation that the immature brain is far more prone to frapyramidale of CA3, sprouting of CA1 axons, and
seizures than the adult brain. The increased excitability long-term deficits in learning, memory, and behavior.
in the developing brain appears to be secondary to a Surprisingly, a substantial number of studies have dem-
developmental imbalance between maturation of excit- onstrated that a single prolonged seizure in an immature
atory and inhibitory circuits (Gaiarsa et al., 1994; Ben- animal results in less cell loss and sprouting and fewer
Ari et al., 1997; Leinekugel et al., 1997; Jensen et al., deficits in learning, memory, and behavior than seizures
1998). The main ionotropic receptors (GABAA, NMDA, of similar severity in adults. Indeed, even following a
and AMPA) display a sequential developmental pattern brain injury, such as a hypoxic±ischemic insult, pro-
of participation in neuronal excitation in the neonatal longed seizures do not appear to incur any additional
hippocampus. GABA, the main inhibitory transmitter in cell loss (Cataltepe et al., 1995).
the adult, provides the main excitatory drive to hippo- There are a number of reasons why seizures produce
campal neurons at early stages of postnatal develop- less cell loss in the immature brain than in the mature
ment, because of a Cl2 gradient that leads to depolariza- brain. While prolonged seizures are associated with ele-
tion of young neurons rather than the hyperpolarization vations of glutamate, there are clear developmental dif-
observed in adults. Consequently, in the immature brain, ferences in glutamate-induced damage during seizures.
GABAA responses are associated with the Cl2 efflux, When equal concentrations of glutamate are injected in
depolarization, and activation of voltage-dependent the CA1 subfield of the hippocampus in young and ma-
Na1 and Ca21 channels (Leinekugel et al., 1997). The ture rats, there is far more damage in the mature brain
depolarization produced by GABA is sufficient to re- (Liu et al., 1997). Postsynaptic action of glutamate-
move the voltage-dependent Mg21 block from NMDA induced Ca21 entry through the NMDA receptor exhibits
channels, thereby inducing large Ca21 influx into imma- age-dependent changes, as may each step in the intra-
ture neurons. The other major postsynaptic inhibitory sys- cellular cascade following Ca21 entry. For example,
tem, the postsynaptic GABAB, adenosine, and 5-hydroxy- Bickler et al. (1993) noted an increase in the elevations of
tryptamine/G protein±coupled K1 channels, also have a intracellular Ca21 of 240% from P1±P2 to P28 following
delayed maturation, suggesting that the neonatal circuit application of equal concentrations of glutamate in rat
cerebral cortex slices. There are also indications that
intracellular Ca21 buffering capabilities may be greater³ To whom correspondence should be addressed (e-mail: holmesg@
a1.tch.harvard.edu). in young than in older animals. In addition, the smaller
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density of synapses and larger extracellular space in
the developing brain may reduce the concentration of
potentially excitotoxic glutamate. Furthermore, the fact
that GABA provides a significant component of the ex-
citatory driving force will reduce the pathological conse-
quences of seizures because of the smaller driving force
and the shunting effects of GABA.
However, it is becoming clear that seizures do not
necessarily need to cause cell death to result in adverse
outcomes. While prolonged seizures may cause less
cell loss in young animals, there are nonetheless clear
indications that they may have other potentially deleteri-
ous effects. Following kindling, immature rats, like adult
rats, have a permanent reduction in seizure threshold.
Recurrent seizures during the neonatal period also result
in clear deficits in learning and memory when the ani-
mals are studied as adults, despite the lack of clear cell
loss (Neill et al., 1996). This may be due to the fact that
seizures may perturb a wide range of phenomena that
are activity dependent, including cell division and migra-
tion, sequential expression of receptors, and formation
and probably stabilization of synapses. Paroxysmal dis-
charges may facilitate an early expression of gluta-
matergic receptors and alter the formation of functional
entities as ªcells that fire together wire togetherº (Good-
man and Shatz, 1993).
We have found that recurrent flurothyl-induced sei- Figure 1. Mossy Fiber Sprouting Following Neonatal Seizures
zures during the first days of life are associated with (A) Control rat showing normal distribution of mossy fiber terminals
sprouting of mossy fibers in the CA3 subfield and supra- using the Timm stain. Mossy fibers terminate in the stratum lucidum
(sl). Note minimal staining in the pyramidal cell layer (pcl).granular region and a reduction in seizure threshold
(B) Adult rat exposed to 25 seizures during the first five days of life.(Holmes et al., 1998). Figure 1 shows an example of
Sprouting of Timm fibers is seen in the pyramidal cell layer.Timm staining, which detects zinc in the axons and ter-
Abbreviations: sr, stratum radiatum; so, stratum oriens.minals of the dentate granule cells in a control rat (Figure
1A) and a rat subjected to multiple, brief seizures (Figure
known that neurotrophins are important in the regulation1B). Excessive Timm granules can be seen in the pyrami-
of neurogenesis and may have played a role in the noteddal cell layer in the rat with recurrent seizures. These
increase in dentate granular cells (Tao et al., 1996). How-rats, when studied as adults, had a lower seizure thresh-
ever, the story may be more complex, since there are aold and impaired learning on a task of spatial memory.
variety of other activity-dependent processes that couldSince this CA3 and supragranular sprouting is not a
have effects on brain development. For example, Lo-result of cell loss, what type of mechanism, then, might
Turco and colleagues (1995) found that during earlyaccount for it? One important variable to take into ac-
stages of cortical neurogenesis, both GABA and gluta-count is neurogenesis. Increases in granule cell neuro-
mate depolarize cells in the ventricular zone and inhibitgenesis following seizures occurs in both the immature
DNA synthesis.and mature brain. Granule cell development occurs dur-
While seizure-induced neurogenesis occurs in bothing an extended period that begins during gestation and
the immature and mature brain, it is possible that thecontinues well into adulthood. Increased granule cell
consequences of neurogenesis may be quite different.neurogenesis has been found following both prolonged
In the mature brain, neurogenesis occurs in the contextand brief seizures in the adult rat (Bengzon et al., 1997;
of cell loss in the pyramidal cell layer and dentate granuleParent et al., 1997). Following a prolonged seizure in-
cell layer. Thus, depending on the degree of cell deathduced by pilocarpine, Parent et al. (1997) found en-
and of granule cell neurogenesis, there may be a paucityhanced neurogenesis, when compared to the controls,
of target cells for the newly formed cells to synapsefor several weeks. Neurogenesis may be stimulated
upon. In the immature brain, however, neurogenesis oc-through direct synaptic activation of precursor cells by
curs without cell loss, so the ratio of granule cells tothe seizure or may occur as a result of cell loss.
pyramidal cells is markedly increased. In addition,A multitude of biochemical changes occurring during
whether neurogenesis ensues in the presence or ab-a seizure could alter the rate of neurogenesis. For exam-
sence of cell loss may result in fundamental differencesple, several studies using immunohistochemistry, in situ
of connectivity. As demonstrated in Figure 2A, dentatehybridization, or biochemical assays have demonstrated
granule cells send axons (mossy fibers) to the CA3 pyra-that neurotrophins are increased in specific brain re-
midal cells and interneurons. Following a prolonged sei-gions following seizures. Kornblum et al. (1997) found
zure in the adult animal, there is genesis of new neuronsthat seizures induced by lithium-pilocarpine or kainic
in the dentate granule cell layer and loss of existingacid resulted in dramatic elevations of brain-derived
neurotrophic factor mRNA in immature rats. It is further neurons in the dentate granule cell layer, hilus, CA3, and
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and ensuing anatomical changes is a subject of current
research.
It is not yet entirely clear why enhanced neurogenesis
and sprouting would be detrimental to the animal. Since
glutamate is the neurotransmitter of the mossy fibers,
it is tempting to suggest that increased numbers of glu-
tamatergic synapses could conceivably increase excit-
ability and lower seizure threshold. However, recently
AÂ scady et al. (1998) demonstrated that terminals from
dentate granule cells are more likely to innervate GABA
inhibitory interneurons than excitatory pyramidal cells,
and that this may therefore be a mechanism by which the
brain may try to regulate increased excitatory activity.
Regardless of whether the morphological changes seen
with recurrent seizures are directly responsible for the
reduced seizure threshold, there is some evidence that
the cognitive and behavioral effects of increased num-
bers of neurons and increased connectivity are detri-
mental to the animal. For example, the degree of CA3
mossy fiber projections has been inversely correlated
with learning. Lipp and colleagues (1988) compared the
number of trials for rats to learn to avoid a 10 s electrical
shock by moving from one compartment to another fol-
lowing a conditioning stimuli (two-way avoidance learn-
ing) with magnitude of the stratum pyramidale projec-
tions of mossy fibers. Learning was tightly related to
extent of mossy fiber projections to the intra- and infra-
Figure 2. Effects of Seizures on Hippocampal Circuitry in the Mature pyramidal layers of CA3, with animals having more CA3
and Immature Brain mossy fiber terminals doing less well than animals with
(A) Schematic drawing of normal hippocampus where mossy fibers fewer terminals. These authors also found an inverse
(axons of the dentate granule cell layer [DGL]) innervate the apical relationship between the extent of infrapyramidal mossy
dendrites of the CA3 pyramidal cells (gold) and interneurons (green)
fiber projections and two-way avoidance learning in ratsin the hilus. The termination of the mossy fibers occurs in the stratum
treated with L-thyroxine. Furthermore, Wimer and col-lucidum.
(B) In the adult rat, following a prolonged seizure, there is loss of leagues (1983) noted a negative correlation of granule
cells in CA3 (dead cells are designated as gray), hilus (dead cells cell density in the dentate gyrus with two-way avoidance
are light green), and DGL (dead cells are light red). The seizures conditioning in the mouse. However, the relationship
also result in increased neurogenesis in the DGL (blue cells). With between the size of the hippocampal mossy fiber projec-
loss of target cells, mossy fibers grow into the supragranular region
tions and learning and memory may be task dependentof the DGL and pyramidal cell layer and stratum oriens of CA3.
(Crusio et al., 1993). For example, we have found that(C) In the immature rat, recurrent seizures lead to increased neuro-
genesis of the DGL with subsequent growth of mossy fibers into rats with recurrent seizures during the first weeks of life
the supragranular region and pyramidal cell layer and stratum oriens demonstrated impairment in the water maze and open
of CA3. This aberrant growth of mossy fibers occurs without any field test (Holmes et al., 1998) and in an auditory localiza-
discernible cell loss. tion task but not in a quality discrimination task (Neill
et al., 1996). Future advances in understanding network
properties in learning and development will undoubtedly
CA1. Because of the loss of target cells, there is resultant clarify the role that increased neurogenesis and sprout-
aberrant sprouting of the mossy fibers on remaining ing has in the cognitive impairments resulting from early
cells in the granular cell layer, hilus, and CA3 (Figure seizures.
2B). While not shown in the diagram, sprouting of CA1 While the immature brain does appear to have some
axons may also occur. In the immature brain, where biological advantages over the mature brain with regard
dentate granule cells are increased without any cell loss to seizure-induced cell loss, it is now clear that recurrent
(Figure 2C), there is a resultant increase in the ratio of seizures do result in some maladaptive changes. Unfor-
granule cell axons to pyramidal cells; this imbalance tunately, neonates and young children, for reasons de-
between the number of granule cells and target cells scribed above, are at high risk for recurrent seizures.
results in an increase in axons to the CA3 subfield, and Currently, the most commonly used drug to treat neona-
to a lesser degree in the supragranular region. In neona- tal seizure is phenobarbital, which enhances postsynap-
tal rats, seizures occur before all of the mossy fibers tic GABA inhibition. However, numerous animal and hu-
have connected with the CA3 principal neurons; sprout- man studies have suggested that phenobarbital can be
ing may therefore be an example of formation of entirely detrimental to the developing brain, leading to impaired
abnormal circuits as opposed to sprouting of already brain growth and cognitive dysfunction (Mikati et al.,
established pathways. Whether the alterations in cogni- 1994). Since GABA has also been shown to be excitatory
tive function and seizure susceptibility in adults versus in rodents during the first few days of life, phenobarbital
may not be an optimal drug for neonatal seizures and,neonates depend upon these differences in cell loss
Neuron
1234
Gatt, A., Liu, Z., Werner, S., and Stafstrom, C.E. (1994). Ann. Neurol.in fact, appears to have limited efficacy in treating neo-
36, 425±433.nates. Phenytoin, a drug that causes use-dependent
Neill, J., Liu, Z., Sarkisian, M., Tandon, P., Yang, Y., Stafstrom, C.E.,inhibition of Na1 channels necessary for activation of
and Holmes, G.L. (1996). Dev. Brain Res. 95, 283±292.action potentials, is sometimes used, but the poor ab-
Parent, J.M., Yu, T.W., Leibowitz, R.T., Geschwind, D.H., Sloviter,sorption in neonates limits its usefulness as an oral
R.S., and Lowenstein, D.H. (1997). J. Neurosci. 17, 3727±3738.
agent. Other drugs used in adults that work on Na1
Tao, Y., Black, I.B., and DiCicco-Bloom, E. (1996). J. Comp. Neurol.channels, such as carbamazepine and lamotrigine, have
376, 653±663.
not been studied in neonates because of the logistical
Wimer, C., Wimer, R.E., and Wimer, J.S. (1983). Behav. Neurosci.
difficulties in studying drugs in very ill neonates as well 97, 844±856.
as the ethical concerns about drug testing in infants.
Based on the sequential developmental pattern of
pre- and postsynaptic neurotransmitter receptor devel-
opment described previously, drugs that are likely to be
beneficial in neonatal seizures would be those that have
their effect on the NMDA receptor, presynaptic GABAB
receptors, or voltage-gated channels. Unfortunately,
drugs that block the NMDA receptor, such as topira-
mate, have been tested sparingly in neonates because
of the concern that treatment with excitatory amino acid
antagonists may interfere with learning, memory, and
brain plasticity. No antiepileptic drugs are currently
available that are specific agonists of the GABAB recep-
tor. Thus, while there has been tremendous progress
made in the pharmacological treatment of seizures in
older children and adults, the current methods to treat
neonatal seizures have not changed in the last 50 years.
While a better understanding of the mechanisms re-
sponsible for seizure-induced damage is critical, an
even greater challenge is to develop drugs that inhibit
neonatal seizures without otherwise interfering with
brain development or physiology.
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